A melasyenite porphyry from the vicinity of Kašperské Hory (the Šumava Mts., Moldanubian Zone) shows a high natural radioactivity (K = 4.4-6.1 wt. %, eU = 15-24 ppm, eTh = 38-49 ppm). The most important carriers of U and Th are zircon, thorite, allanite-(Ce) and scarce monazite. Most of the zircon and thorite grains are altered by post-magmatic processes due to which especially zircon shows a large degree of chemical variability. Primary magmatic zircon is nearly stoichiometric, poor in ThO 2 (up to 0.13 wt. %) and UO 2 (up to 0.42 wt. %). It often encloses strongly altered U-and Thrich cores. These cores show a conspicuous zoning in the BSE. The bright zones are enriched in UO 2 (0.66-1.36 wt. %) and ThO 2 (0.21-0.94 wt. %) whereas the darker zones are highly enriched in CaO (up to 5.19 wt. %), with UO 2 contents ranging between 0.95 and 2.15 wt. % and the ThO 2 between 0.99 and 1.67 wt. %. The first percolation point of zircon was estimated at 0.4 D [dpa] . Thorite is also strongly altered, being depleted in Y,REE and Si in its more hydrated parts. A further consequence are strongly varying UO 2 contents (1.79-27.60 wt. %) and locally enriched ZrO 2 (up to 10.92 wt. %), P 2 O 5 (0.22-6.39 wt. %) and Y,REE (0.73-12.81 wt. % of REE 2 O 3 and Y 2 O 3 combined). Elevated amounts of Fe, Ca, Pb, As, Al, S, and Ti were detected in the most hydrated parts. Allanite-(Ce) is weakly zoned with 0.20-1.22 wt. % ThO 2 and up to 0.11 wt. % UO 2 . Scarce monazite-(Ce) has the ThO 2 contents (13.57-15.85 wt. %) strongly prevailing over UO 2 (1.51-1.91 wt. %).
Introduction
Gneisses and migmatites in the Moldanubian Zone of the Šumava Mts. (southern part of the Bohemian Massif, Czech Republic, Fig. 1a ) are frequently intruded by dykes post-dating the Variscan regional metamorphism (leucogranites, lamprophyric rocks, and various porphyries). Numerous occurrences of these dykes were recorded during the 1 : 25 000 scale mapping by the geologists of the Czech Geological Survey. The distribution of the dykes is highly irregular as shown in the published or manuscript maps (for detailed geology see Babůrek et al. 2000; Žáček et al. 2005; Žáček and Sulovský 2005) .
Melasyenite porphyry shows the highest natural radioactivity of all the rocks in the region. The dykes of melasyenite porphyry form two swarms: northern one, in the vicinity of Kašperské Hory and Nezdice, and southern one, following approximately the line between Svojše and Stachy (Fig. 1b) . Melasyenite porphyry dykes are absent, or very scarce, south of this area but they appear to continue eastwards, out of the area shown in Fig. 1 . As noted e.g. by Holub (1997) , the melasyenite porphyry dykes occupy a large zone of an approximately triangular shape and a length of about 115 km (NE-SW) at a width of c. 50 km. The area studied lies at the southern and western limit of this large zone.
The dyke swarms strike generally E-W of ENE-WSW, and cut Variscan metamorphic rocks, mainly migmatite, gneiss and the pre-Variscan orthogneiss bodies (Fig. 1b) . The width of the dykes varies from 1-2 m to 10-20 m; the length some of them exceeds 1-2 km. This paper contributes to the mineralogy of a highly radioactive melasyenite porphyry and it is particularly focused on its accessory minerals as the main carriers of radioactivity.
Geological setting

Mineralogy, geochemistry and physical properties of the melasyenite
The melasyenite porphyry shows only limited variations in the petrography of individual dykes. It displays a "durbachitic" appearance with conspicuous phenocrysts (up to c. 1 cm) of K-feldspar and dark mica and green amphibole, visible with naked eye, set in a fine-to medium-grained matrix. The minerals are mostly randomly oriented or show slight fluidal alignment. The rock is composed of potassium feldspar (~ 40 vol. %, with up to 1.7 wt. % BaO and 0.42 wt. % SrO in phenocrysts; in contrast, fine potassium feldspar in the matrix is poor in Ba and Sr), ~ 20 vol. % of oligoclase (An 12-13 ), minor quartz, ~ 5 vol. %; ~ 10-15 vol. % of brown Ti-rich phlogopite (X Mg = 0.65), and about the same amount of actinolite (X Mg = 0.74, Si = 7.7-7.9 apfu) (Fig. 2) . The samples of two dykes, which were studied in detail by electron microprobe, are situated south of Kašperské Hory (Fig. 1b) -the first one 1 km NW of Valy Hill (1010 m), 1.5 km WNW of Popelná (sample 100, 49°06'13.47"N, 13°23'9.99"E); the other one 400 m N of the settlement Frejd, 2 km SW of Nicov (sample G92, 49°06'38.10N, 13°36'24.25"E) . The third chemical analysis (Table 1) is from a melasyenite porphyry outcrop situated at the railway between Bohumilice and Čkyně (sample SZ 110, 49°06'27.03"N, 13°48'52.57"E), close to the eastern border of the area shown in Fig. 1b .
The melasyenite porphyry corresponds in terms of its texture, structure and chemical composition to (quartz) melasyenites -durbachites, typical of many parts of the Variscan orogenic belt where they are associated with exhumed lower-crustal metamorphic rocks of the former orogenic root (see e.g. Holub 1997; Janoušek and Holub 2007) . The studied rock is intermediate to acid (63-64 wt. % SiO 2 ), metaluminous (A/CNK ~ 0.80) and calc-alkaline (straddling the boundary of the shoshonitic domain). Moreover, it is characterized by a high mg number as well as elevated Ti, P, Cr, Ni, Ba, Sr, Rb, Nb, U, Th and light REE (LREE) contents (Tab. 1); the REE pattern contains a sizeable negative Eu anomaly (Eu/Eu* ~ 0.5). Holub (2009) mentioned that average content (of 38 analyses) of SiO 2 is 63 wt. % and K 2 O 6.4 wt. %. The concentrations of Th typically vary between 27 and 50 ppm and U between 15 and 23 ppm.
The melasyenite porphyry shows a weak magnetic susceptibility (0.13-0.31×10 -3 SI) and typically a high natural radioactivity, the highest of the rocks in the area studied (Fig. 3) . The concentrations of radioactive elements (measured by field gamma spectrometry) range between 4.4 and 6.1 wt. % for K, 15-24 ppm for eU and 38-49 ppm for eTh (15 measurements at 8 different dykes in a wider area).
accessory minerals
The following accessory minerals were found in the two samples studied: titanite (~3 %), apatite (~1 %) > image show strong oscillatory zoning as well as obvious alteration features. Zircon is abundant as euhedral, shortly prismatic crystals, 20-100 µm in size. Most zircons show a weak igneous oscillatory zoning in the BSE images ( Fig. 4a-b) . The following internal features were observed in the BSE image in some large zircon grains: central bright cores, which are often replaced by darker zones. Both the zones are surrounded by thick, weakly to strongly oscillatory zoned rims often containing radial fractures (see Fig. 4c-d ). Subhedral to anhedral crystals of thorite are equant and their size ranges between 5 and 50 µm. It is less abundant than zircon or allanite, but due to the high brightness in the BSE image it is easily identified in the thin section. Thorite is usually strongly altered and full of cracks. The altered domains are darker in the BSE image and propagate irregularly from the rims inwards ( Fig. 4d-e) . If the thorite is hosted by mica or feldspar, a damage zone caused by irradiation surrounds the thorite grain ( Fig. 4f ). Scarce monazite found only in the sample G92 forms small subhedral to euhedral crystals up to 20 µm, homogeneous in the BSE image.
Methods
The field gamma spectrometry measurements were carried out with GRM-260/B gamma spectrometer, magnetic susceptibility was measured in field using KT-5 kappameter.
Mineral microanalyses were obtained from polished and carbon-coated thin sections on the electron microprobe Cameca SX-100 (Joint Laboratory of the Masaryk University and the Czech Geological Survey) in the WDS mode. Zircon, thorite, monazite were analysed using an accelerating voltage and beam current of 15 kV and 20-40 nA, respectively, and with a beam diameter ranging from >1 to 2 µm. Variable conditions were employed to reduce the damage of hydrated phases. The following standards were used: U -metallic U, Pb -PbSe, Th -ThO 2 , P -fluorapatite, Y -YAG, La -LaB 6 , Ce -CeAl 2 , Pr -PrF 3 , Nd -NdF 3 , Sm -SmF 3 , Gd -GdF 3 , Dy -DyPO 4 , Er -YErAG, Yb -YbAG, Al -almandine, Si, Ca, Fe -andradite, Mn -rhodonite, W -scheelite, S -baryte, F -topaz, As -InAs, Nb -columbite, TaCrTa 2 O 6 , Ti -titanite, Zr -zircon, and Sc -ScVO 4 , Mg -pyrope, Sr -SrSO 4 . Raw data were reduced by the PAP correction (Pouchou and Pichoir 1985) .
The mineral formulae of zircon, thorite and monazite are based on 4 oxygens, the allanite formulae were calculated on the basis of three Si atoms.
In order to estimate the degree of radiation damage in zircons, the total cumulative dose of the α-decay D α was calculated according the equation published by Ewing et al. (2003): The D α could be converted to a radiation dose, in units of displacements-per-atom (dpa), by equation for the zircon: 
Results
Chemical composition of the accessory minerals
Titanite, apatite, allanite, zircon, thorite and monazite are the possible carriers of radioactive elements in the melasyenite porphyry. Titanite is enriched in REE and Nb (0.5-1.5 wt. % ΣREE, 0.13-0.95 wt. % Nb 2 O 5 ). The content of U and Th is below detection limit of the EMPA.
Fluorapatite displays higher F (2.08-3.41 wt. %), and elevated REE contents (0.62-0.87 wt. % REE 2 O 3 + Y 2 O 3 ). The amount of Y 2 O 3 is below 0.077 wt. %. The content of U and Th is below detection limit of the EMPA.
Allanite-(Ce) does not show significant compositional variability despite strong oscillatory zoning observed in the BSE. The Ca content ranges between 0.933 and 1.175 apfu (9.43-11.57 wt. % CaO) and the sum of Y, REE varies from 0.647 to 0.777 apfu (19.96-22.47 wt. % Y, REE 2 O 3 ) , with the dominance of Ce (0.325-0.384 apfu; 11.07-9.43 wt. % Ce 2 O 3 ). The amount of Th ranges from 0.004 to 0.026 apfu (0.20-1.22 wt. % ThO 2 ) and predominates over U (0.002 apfu; 0.11 wt. % UO 2 ). The presence of Mg (0.111-0.168 apfu; 1.04-1.19 wt. % MgO) corresponds to 11-17 % of the dissakisite molecule. The concentration of F is low (≤0.091 apfu; ≤0.31 wt. %); for details see Tab. 2. Chemical analyses of the allanite disclose its slight alteration. The analytical totals of oxides including the calculated water vary from 94 to 98 wt. %; ratios were not calculated from the formula but some approximation is indicated in Fig. 5a . The chondritenormalized REE pattern is plotted in Fig. 5b . Zircon shows large chemical variability; the distinct zones observed in BSE vary in chemical composition. Tab. 3. The Zr/(Hf + Zr) ratios in the oscillatory zoned rim are always higher than in the inner parts and vary from 0.012 to 0.016. Thorite appears patchily but strongly altered in the BSE image (Fig. 4e-f) . The total of oxides in pristine, little altered areas is higher (95-98 wt. %) than in the altered zones where it drops down to 77 wt. % (Tab. (0.022-0.303 apfu). The Si content is variable (0.609-1.054 apfu; 10.30-21.07 wt. % SiO 2 ), whereas the lowest amount is in the most hydrated areas. The Zr contents vary significantly (0.000-0.270; 0.00-10.92 wt. % ZrO 2 ) as do P (0.005-0.249; 0.22-6.39 wt. % P 2 O 5 ) and Y,REE (0.016-0.257; 0.73-12.81 wt. % REE 2 O 3 ) (Fig. 6a) . The Y,REE and Si are strongly depleted in more hydrated parts. Among the Y,REE, the most abundant are Ce, Nd and Y. The chondrite-normalized REE pattern is plotted on Fig. 6b . Studied thorites show unusually high amount of Fe (0.013-0.187 apfu; 0.32-4.48 wt. % FeO) and up to 0.546 apfu (12.87 wt. % FeO) in the highly hydrated areas. The Ca content does not exceed 0.09 apfu (1.36 wt. % CaO). Elevated amounts of PbO < 0.83, As 2 O 5 < 1.76, Al 2 O 3 < 1.28, SO 3 < 2.22, and TiO 2 < 0.69 (all in wt. %) were observed specially in the most hydrated parts.
Monazite-(Ce) strongly concentrates LREE, with cerium as the most abundant rare earth element. The chondrite-normalized REE pattern is presented on Fig. 7a . Monazite is enriched in radioactive elements. Thorium (0.126-0.150 apfu; 13.57-15.85 wt. % ThO 2 ) prevails over uranium (0.014-0.017 apfu; 1.51-1.91 wt. % UO 2 ). Silica ranges from 0.146 to 0.159 apfu (3.56-3.83 wt. % SiO 2 ), the Ca is low, up to 0.018 apfu (0.41 wt. % CaO); for the details see Tab 
Zircon radiation damage
The calculated radiation damage for zircon expressed in displacements per atom (D [dpa] ) varies from 0.0548 to 0.9942. The lowest values were recorded in the grains with the lowest U and Th concentrations from the homogeneous, oscillatory-zoned rim, compared to the highest values from the central part and the intermediate darker zone.
Discussion
Chemical composition of zircon and thorite
Entry of Y and REE into the zircon and thorite structure is generally ascribed to the xenotime substitution (Y,REE) PZr -1 Si -1 , (Y,REE)PTh -1 Si -1 . This substitution plays a negligible role in the studied zircon and thorite, though. The number of the Y,REE atoms is not compensated by sufficient amounts of P or other pentavalent ions (Fig. 8) .
Hoskin (2000) . These substitutions are not important in the studied zircons, either. The concentrations of Th are much lower than those of U, which is in accord with the general preference of the zircon structure for smaller U (Hoskin and Schaltegger 2003) .
The chondrite-normalized REE pattern of thorite (Fig. 6b) shows enrichment in LREE over HREE, and the molar content of Y is mostly lower than Ce. It differs significantly from the REE patterns published in literature (e.g. Förster 2006) , which are typically enriched in HREE. Förster et al. (2000) argued that the monoclinic ThSiO 4 (huttonite -isostructural with monazite) prefers LREE while the tetragonal ThSiO 4 (thorite -isostructural with zircon) prefers HREE (Bea 1996) . According to experimental results published by Grover and Tyagi (2005) , some 0.1 apfu Ce stabilizes the tetragonal modification of ThSiO 4 . Huttonite is more resistant to metamictization than thorite is (Meldrum et al. 1999) . With respect to the low analytical totals (77-97 wt. % oxides) and the Zr contents (≤ 0.27 apfu) we classify the studied ThSiO 4 phases as thorite.
The highest reported U contents in thorite from granitic rocks were from Ririwai granite, Nigeria (28.9 wt. % of UO 2 ; Pointer et al. 1988) Förster (2006) described a complete solid solution between zircon, thorite + coffinite, and xenotime from the Erzgebirge granites. Miscibility in studied zircons is limited, up to 3.7 mol. % of thorite + coffinite and up to 2.6 mol. % of xenotime. Despite the uncertainties regarding the Y, REE entry into the zircon structure described above, the xenotime component was calculated as molar occupancy of Y and REE in the appropriate structural site. On the other hand, the miscibility between thorite and zircon (with hafnon) is higher, up to 31.8 mol. % as well as (Y,REE)PO 4 component up to 27.9 mol. %. Thorite from sample 100 is more enriched in zircon molecule (with contemporaneous enrichment of (Y,REE)PO 4 component from 4.0 to 22.0 mol. %) than thorite from the sample G92. Its variability in chemical composition is limited to the solid solution of thorite -(Y,REE)PO 4 only (from nearly pure thorite to 27.9 mol. % (Y,REE)PO 4 , and up to 3.9 mol. % zircon). For details see Fig. 6a .
Radiation-induced structural damage and anomalous composition
Geisler et al. (2003b) carried out a hydrothermal experiment on zircon samples with different degrees of radiation damage. They found jumps in the alteration rate with regard to the increasing radiation damage of zircon. The first dramatic increase (the first percolation point) sets in when the amorphous domains form interconnected clusters in the structure. Reaching this point in natural samples can be accompanied by a dramatic increase in Ca, Al, Fe and other "non-formula" elements (Geisler et al. 2003c ) as well as a decrease in Si accompanied by a strong hydratation. The amounts of Ca, Al and Fe are low up to 0.4 D [dpa] , then their contents increase dramatically. The first percolation point was reached at about 0.4 D [dpa] (Fig. 9 ). Published D [dpa] values of the first percolation point in zircon vary from 0.05 (Hoskin 2000 (Hoskin , 2005 , through 0.07 (Davis and  Krogh history of zircon (Geisler 2003a) as well as amounts and mineralization of hydrothermal fluids. This is because the increased temperature promotes thermal annealing of the structure. Temperatures about 100-200 °C decrease the amorphization rate (Ewing et al. 2003) . The entry of Ca, Fe, Al, S, As, Ti and other "non-formula" elements into thorite and the removal of the original components by post-magmatic, low-temperature fluids (in a similar way as in zircon) is very probable. The interaction between the metamict mineral and hydrothermal fluid results in changes in chemical composition, whereby the primary substitution mechanisms are obscured. Metamictization and hydration lead to the volume expansion and consequent formation of the cracks. These fractures enhanced fluid flux and related interaction processes.
Conclusions
Zircon, thorite and allanite-(Ce) are the most important carriers of U and Th in the studied ultrapotassic melasyenite porphyries from the Šumava Mts. Among the accessory minerals with the low concentrations of U and Th, titanite and apatite are the most abundant. Although some zircon grains preserve well magmatic zoning, most show effects of secondary alteration. The thorite represents limited solid solution of thorite-zircon and thorite-(Y,REE)PO 4 . Its chemical composition is strongly affected by late, post-magmatic hydrothermal activity.
The scarcity of monazite in the melasyenite porphyry reflects the whole-rock composition and corresponds to the situation in larger durbachite massifs (Sulovský 2001) . The melasyenite dykes can cause locally intense but very small-scale radiometric anomalies, which are mostly undetectable by previous airborne gamma spectrometric measurements.
